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A B S T R A C T   
Introduction: Cycling has a positive impact on physical, mental and social health, and slows the 
aging process. However, there is still a large potential to increase the cycling levels in Belgian 
older adults. In order to promote cycling for transport, safe and attractive street characteristics 
have previously been investigated by using cross-sectional surveys and manipulated photographs. 
As VR-technology is still rarely used in transportation research, the aim of this study was to 
develop and compare the use of two different novel VR-applications, i.e. cycling in a 3D-CAVE 
and cycling with a VR-headset, as experimental approaches with regard to the sense of pres-
ence, the representation of the reality, and simulator sickness. Furthermore, the moderating ef-
fects of personal characteristics and test sequence were investigated. 
Methods: In total, 108 older adults (65 years) participated in the cross-over experiment. The 
participants performed two cycling tests (i.e. cycling through virtually displayed existing streets 
in Ghent) using both VR-applications (3D-CAVE and VR-headset) in random order. After each 
cycle test, participants had to complete the same questionnaire. 
Results: Both VR-methodologies are equally good to be used among older adults (65 years) in 
future research, i.e. identify which characteristics in the physical environment have an impact on 
cycling for transport. Additionally, there are no specific requirements for particular target groups 
regarding the kind of VR-application. General preference was given to the test setup that was 
completed in second place, indicating the importance of habituation to the virtual environment. 
Conclusions: Both VR-applications can be used in future research. The advantage of the VR- 
headset in comparison to the 3D-CAVE, is that the VR-headset is more practical to use at 
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different locations. Especially in regard to the older populations, it is more convenient to bring 
the test setup closer to the subjects themselves.   
1. Introduction 
Physical activity (PA) is an effective strategy to reduce the prevalence of chronic diseases (World Health Organization, 2015, 2010), 
depression or dementia (Jackson et al., 2016) and to reduce their associated health care costs (Rechel et al., 2009). Given that older 
adults (65 years) are globally the fastest growing age segment, with many suffering from chronic diseases and 60–70% not achieving 
sufficient PA to obtain health benefits (European Commission, 2014; World Health Organization, 2011), there is a strong need to 
promote PA at a regular basis in this population. 
Active transport, i.e. walking and cycling to a destination, is an ideal activity to promote among older adults, as it is healthy, 
accessible, well-liked and easy to integrate in an older adult’s daily routine (De Fre et al., 2011; Dhondt et al., 2013; Edwards and 
Mason, 2014; Mueller et al., 2015; Woodcock et al., 2014). Cycling enables to cover greater distances than walking and, hence, carries 
the possibility to increase older adults’ action radius (Mandl et al., 2012). Cycling is a moderate to high intensive form of physical 
activity (Ainsworth et al., 2000) which slows the aging process (Mazzeo and Tanaka, 2001) and has a positive impact on cognitive 
functioning as well as social and psychological health (Garrard et al., 2012). Unfortunately, the prevalence of cycling for transport in 
this age group is still alarmingly low. Among older adults in Belgium, almost two-third of all trips are still made by car, of which 50% 
and 60% of these trips are shorter than 3 and 5 km respectively which is a feasible distance to cycle (Declercq et al., 2016). Conse-
quently, there is still a large potential to increase the cycling levels in Belgian older adults. 
An important prerequisite to develop effective interventions to promote cycling, is to identify the factors that are related to cycling 
(i.e. correlates) among this specific age group (Baranowski et al., 1998). A recent systematic review showed that aspects of the 
neighborhood physical environment (e.g. residential density, street connectivity, overall access to destinations/services, land use mix, 
pedestrian-friendly features) are associated with the level of physical activity among older adults and are likely to have a large-scale, 
population-level effect (Cerin et al., 2017). Nonetheless, concerning cycling for transport, only limited evidence is available on 
environmental correlates, and moreover the available evidence is especially from cross-sectional nature (Cerin et al., 2017). 
Stronger experimental designs are needed. However, natural experiments or environmental adaptations conducted in real-life 
settings are usually long-term projects, involve high costs and allow limited control by the researchers. Therefore, an innovative 
and cost-effective experimental approach with manipulated photographs was introduced to investigate the physical micro- 
environmental correlates (i.e. street characteristics) of cycling for transport among older adults (Van Cauwenberg et al., 2019). 
From this research, results indicated that the provision of well-separated cycle paths should be considered as a priority to encourage 
cycling for transport among older adults relative to traffic density, cycle path evenness, distance, speed limit, overall upkeep, vege-
tation and traffic calming devices (Van Cauwenberg et al., 2019). However, in real life, people perceive and experience their envi-
ronment differently depending on their speed of travel (Heft and Nasar, 2000). Computer-generated 3D Virtual Reality (VR) 
environments offer the unique opportunity to overcome the limitations posed by 2D photographs (Cubukcu and Nasar, 2005), provide 
much more realistic test results (Natapov and Fisher-Gewirtzman, 2016), and consequently can be an important next step in exper-
imental research before conducting actual changes in real life. 
VR-technology has been rarely used in transportation research, or not widely described in the scientific literature. Moreover, in the 
few available previous studies, control equipment (e.g., a joystick) was used to explore the virtual environment (Yuan et al., 2014). A 
more realistic simulation might be created when participants have to cycle on a stationary bicycle while navigating through the virtual 
environment. As research using VR-technology is still scarce, a first step in VR-research is to ascertain which type of VR-application is 
best and most feasible to use, taking into account different parameters of user experience (e.g. sense of presence, simulator sickness, 
representation of the reality). The two most common VR-applications are the 3D-CAVE (i.e. Computer Aided Virtual Environment) 
which is a cubic space where the walls are used as projection screens (Cruz-neira et al., 1993), and the VR-headset which is a 
head-worn apparatus that completely covers the eyes, receiving no longer information from the real environment (Fuchs, 2017). 
The quality of VR-experience can be evaluated using different parameters. First, the ‘sense of presence’ is the subjective sense or 
feeling of being in a virtual environment (Schubert, 2003), which can be developed by travelling through and interacting with virtual 
environments (Schubert and Friedmann, 1998). It is a central issue for VR (Steuer, 1992), as the higher the sense of presence is, the 
more meaningful the virtual environment is perceived (Witmer and Singer, 1998). Therefore, it is important to investigate which 
VR-methodology could mostly enhance the sense of presence. As ‘representation of the reality’ is a second important parameter related 
to VR-experience (Cubukcu and Nasar, 2005; Natapov and Fisher-Gewirtzman, 2016), it might be interesting to investigate if there is a 
difference in representation of the reality between the two different methodologies. Third, ‘Simulator sickness’ is a syndrome similar to 
motion sickness which can occur during use of simulators and VR-exposure (Duzmanska et al., 2018; Kennedy and Norman, 1993). As 
the experience of simulator sickness symptoms is related to the risk of dropout (Matas et al., 2015), it is important to investigate which 
VR-methodology has the lowest experience of simulator sickness. Furthermore, it has been demonstrated that females, people with a 
history of motion sickness and older adults are a high-risk group for simulator sickness (Matas et al., 2015). Therefore, it might be 
interesting to investigate if there are differences in VR-parameters of the two methodologies regarding socio-demographic charac-
teristics of the participants. 
The aim of this study was to develop and compare the use of two different novel VR-applications, i.e. cycling in a 3D-CAVE and 
cycling with a VR-headset, as experimental approaches with regard to the sense of presence, the representation of the reality, and 
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simulator sickness. Furthermore, the moderating effects of personal characteristics and test sequence were investigated. Based on this 
preliminary investigation, a well-founded choice can be made regarding the method that will be used in follow-up research. 
2. Material and methods 
2.1. Sampling and study design 
Flemish older adults (65 years) were recruited by purposeful convenience sampling (Portney and Watkins, 2009). Digital and 
paper flyers were distributed in neighborhood health centers, local service centers, senior organizations, social media groups, and 
through family and friends of the researchers. Furthermore, this research was announced on local TV (Smet, 2019) and radio stations. 
The participants were able to register via various channels to participate in the study. People could register via e-mail, text message, or 
a website (https://gentfietst.webnode.be) to express their interest to participate in this research. Finally, their appointment was 
scheduled by phone or by email. The study protocol was approved by the Ghent University Hospital Ethics Committee (registration 
number B670201834807). 
At the test location, participants first gave written consent for participation in the experiment. The experiment used a cross-over 
design (see Fig. 1). The participants were asked to perform two cycling tests (i.e. cycling through virtually displayed existing streets in 
Ghent) using both VR-applications (3D-CAVE and VR-headset, see Fig. 2) in random order. After each cycle test, participants had to 
complete the same questionnaire (questionnaire 1), followed by a general questionnaire (questionnaire 2) at the end. Each question 
together with the answer options was read aloud by the researcher, while the participant could read along on a large computer screen. 
The researcher digitally registered the responses of the participants and provided additional explanations where necessary. 
First, under supervision of a researcher, the participant took place on a stationary ladies’ bike on rollers with brakes and gears. For 
each VR-application, the participants were given a few minutes to get used to cycling in the virtual environment in a simulated training 
environment (i.e. concrete road with cones) without traffic (see Fig. 3). If necessary, the saddle height was adjusted and the participant 
could choose a comfortable gear. After getting used to the experimental setup, the streets were presented in random order so that the 
participant cycled through each of the three streets of Ghent (see Fig. 3): one urban, one semi-urban and one rural street. The same 
protocol was conducted for the two experiments using the different set-ups. During the entire experiment, the researcher was standing 
next to the bike for safety reasons. 
Every participant was able to stop the experiment at any time and without justification. Also when the participant gave non-verbal 
signals (such as dizziness, sighs or nausea), the researcher emphasized that the test could be ended if desired. The total investigation 
took 30–45 min. Upon completion of the study, the participants received a gift voucher from the city of Ghent. 
2.2. Experimental setups 
A 3D-CAVE (i.e. Computer Aided Virtual Environment) is a VR-environment that consists of a cubic space, where the walls are used 
as projection screens (Cruz-neira et al., 1993). A three-walled 3D-CAVE, made by the 3D-team of the city of Ghent, was used within this 
research setting (see Fig. 2, left panel). Three retro projection screens were tensioned in an aluminium frame of about 3.2 m. Three 
projectors (i.e.Nec 3500 Lumen, extra focus lens, short throw 0.8) and one computer were used, installed outside the CAVE. This means 
that the bicycle on rollers was located in the middle of the 3D-CAVE, between three screens (front wall, left wall, right wall) on which 
the virtual environment was projected. Two sensors were attached on the bike, one at the steering wheel (using a 3D-print to hold the 
sensor) and one at the rear wheel, which reported rotations, movements forwards, and accelerations. 
An Arduino interface was used between the bike sensors and the computer. The second methodology uses the same bike and 
technical interfaces, but used a HTC Vive branded VR-headset. The VR-headset showed the virtual environment immediately on the 
retina, and the participants no longer received information from the real environment because the VR-headset completely enclosed the 
eyes (see Fig. 2, right panel). Both methodologies have a first person perspective, i.e. the participant views the simulation from the 
perspective of the character (Kozhevnikov and Rupali, 2012). 
2.3. VR-environment 
In collaboration with the 3D-team of the City of Ghent, the virtual environment was modelled by using 3D-studio max and Blender 
(Matthys, 2014). After texturing the modelling of streets and buildings, this was augmented with cars, trees and other characteristics of 
the public domain. 3D-game engine Unity was used to animated some objects (i.e. cars ride through the street, and people walking 
around). One training environment without traffic (i.e. concrete road with cones) and three existing streets with a different degree of 
Fig. 1. Cross-over design used in this study.  
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urbanization were virtually simulated (see Fig. 3): one urban (i.e. Vlaanderenstraat, Fig. 3.2), one semi-urban (i.e. Dendermondses-
teenweg, Fig. 3.3) and one rural street (i.e. Dries, Fig. 3.4). 
2.4. Measures 
2.4.1. Sense of presence, representation of the reality, and simulator sickness 
Two questionnaires were administered of which the first questionnaire was completed twice immediately after completing both 
experiments (i.e. see Fig. 1, questionnaire 1). Questionnaire 1 assessed the sense of presence, how realistic the VR-environment was 
perceived and simulator sickness. The questionnaire consisted of existing validated questionnaires: the Igroup Presence Questionnaire 
(IPQ) (Schubert et al., 1999) and the Simulator Sickness Questionnaire (SSQ) (Kennedy and Norman, 1993). An abbreviated version of 
IPQ (Dutch version) was used to measure the sense of presence. This questionnaire consists of 7 items assessed on a five-point scale, 
including the following scales: general presence, spatial presence, involvement, experienced realism (Schubert et al., n.d.). All items 
Fig. 2. 3D-CAVE (left) vs. VR-headset (right).  
Fig. 3. The training environment (1), Vlaanderenstraat (2), Dendermondsesteenweg (3) and Dries (4) in Virtual Reality.  
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were summed to one scale of which the Cronbach’s alpha for the IPQ in the current sample was 0.80. Furthermore, the SSQ is used to 
measure the simulator sickness and consists of 16 items (Kennedy and Norman, 1993). An additional answer option was added to the 
original 4-point Likert scale from ‘none’ to ‘severe’ to achieve a 5-point Likert scale. In the present sample, internal consistency was 
found to be good (Cronbach’s alpha  0.89). All items were translated into Dutch. One total simulator sickness score was obtained by 
summing up the different items using unit weights, see Kennedy and Norman (1993) for the used formula. Finally, participants had to 
assess how realistic they perceived the different street characteristics presented in the VR-environment (i.e. cars, road, cycle path, 
sidewalk, movement of the traffic, the pedestrians, buildings/facades, trees/greenery) on a five point-Likert scale from ‘not realistic at 
all’ to ‘completely realistic’. An additional answer option ‘not paid attention to’ was also added, and was encoded as missing. One scale 
was created by summing up all those items (Cronbach’s alpha  0.87). 
2.4.2. Personal characteristics and test sequence 
Questionnaire 2 was completed at the end of the experiment and assessed socio-demographic information (i.e. age, gender, living 
status, education, resident of Ghent, length and weight to calculate BMI), cycling behavior, screen behavior, and the participants’ 
experience with VR. A detailed description of the different assessed items and answer categories can be found in Table 1. Their screen- 
related behavior was assessed on a five-point Likert scale from ‘never’ to ‘very often’ and was the sum of their use of the smartphone, 
TV, laptop/computer, tablet, games. 
2.5. Statistical analyses 
In total, 118 older adults participated in the experiment. Five participants were a little younger than 65 years, four participants did 
not complete the experiment and from one participant the demographic information was lacking according to technical problems. This 
resulted in an analytical sample of 108 participants. 
Table 1 
Descriptive characteristics of the participants (n  108).  
Personal characteristics 
Age in years (M  SD) 70.34  5.38 
<75 years (%) 82.4 
75 years (%) 17.6 
Women (%) 44.4 
Living alone (%) 23.1 
Tertiary education (%) 61.1 
BMI (M  SD) 24.8  3.3 
underweight (%) 1.9 
normal weight (%) 50.9 
overweight (%) 41.7 
obesity (%) 5.6 
Resident of Ghent (%) 
Yes 77.8 
No 22.2 
Never been in contact with VR-applications (%) 76.5 
Screen-related behavior (M  SD) a 3.10  0.69 
Transport behavior 
Do you still drive a motorized vehicle yourself (%)  
Yes 86 
No 14 
Do you still ride a bicycle (%) 
Yes 94.4 
No 5.6 
Which type of bicycle do you ride? (%) 
regular bicycle 52.3 
electric bicycle 18.7 
regular and electric bicycle 18.7 
Other 10.3 
Frequency cycling for transport (%) 
less than once a month 15 
1–3 days/month 3.7 
1–2 days/week 21.5 
3–4 days/week 17.8 
5–7 days/week 42.1 
M  mean; SD  standard deviation; a assessed on a 5-point scale ranging from 1 
(never) to 5 (always); b assessed on a 5-point scale: 1  certainly the 3D-CAVE, 2 
rather the 3D-CAVE, 3  no preference, 4  rather the VR-headset, 5  certainly the VR- 
headset. 
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All analyses were performed in SPSS 24.0 software. First, the descriptive statistics were calculated for the total sample. Second, to 
compare both methodologies regarding the ‘sense of presence’, ‘representation of the reality’ and ‘simulator sickness’, a repeated 
measures MANOVA was performed. The multivariate Wilks’ lambda and the univariate Sphericity assumed values were interpreted 
with the corresponding descriptives if significance was found. Third, the moderating effect of test sequence (started with the 3D-CAVE 
vs. started with the VR-headset) was examined using a repeated measures MANOVA with a between factor. After this, the moderating 
effects of sex (men vs. women), age (<75 years vs.  75 years), BMI (<25 kg/m2 vs. 25 kg/m2), education level (non-tertiary ed-
ucation vs. tertiary education), screen-related behavior (dichotomized based on the median; (<3.2 vs.  3.2), and previous contact 
with VR-applications (never been in contact with VR-applications vs. at least once been in contact with VR-applications) were 
examined. These latter analyses were adjusted for test sequence. Finally, additional sensitivity analyses (i.e. repeated measures 
MANOVAs) were conducted in order to eliminate the effect of test sequence, i.e. we considered the results of the first test, independent 
of the second test. Plots and corresponding descriptives were reported from the significant interaction effects. Level of significance was 
defined at α  0.10 (trend) and α  0.05. 
3. Results 
3.1. Descriptive statistics 
The descriptive characteristics (i.e. socio-demographics, transport behavior, VR-characteristics) of the study population are pre-
sented in Table 1. The sample consisted of 108 participants ranging in age from 65 to 89 years: 44.4% were women, 23.1% lived alone, 
61.1% had followed tertiary education (college, university or postgraduate), 77.8% lived in Ghent and the mean BMI was 24.8  3.3 
kg/m2. More than 52.3% of the participants still rode a regular bike and 42.1% cycled on average 5–7 days/week for transport. Almost 
80% of the current sample had never been in contact with VR-applications. 
3.2. Main effects: comparison between the two methodologies regarding sense of presence, perception of the reality and simulator sickness 
Results from the repeated measures MANOVA showed that ‘the sense of presence’, ‘perception of the reality’, and ‘simulator 
sickness’ were significantly different between the two methodologies (F  6.001, p  0.001). Participants perceived a significantly 
lower sense of presence (F  4.470, p  0.037), a lower perception of the reality of the environment (F  3.664, p  0.058), and a lower 
simulator sickness (F  6.801, p  0.010) using the 3D-CAVE in comparison to the VR-headset. See Table A.1 in Appendices for the 
corresponding means and standard deviations. 
3.3. Moderating effects of test sequence 
For the test sequence, we found a significant multivariate interaction effect between test sequence and methodology (F  12.210, p 
< 0.001) for the combination of the three independent variables, as well as univariate interaction effects between test sequence and 
methodology (see Fig. 4) for ‘sense of presence’ (F  14.291, p < 0.001), ‘reality of the environment’ (F  11.498, p  0.001), and 
‘simulator sickness’ (F  20.165, p < 0.001). Overall, participants who started the experiment with the 3D-CAVE, perceived a 
significantly higher sense of presence, a higher perception of the reality and a lower degree of simulator sickness in the VR-headset in 
comparison to participants who started with the VR-headset. In contrary, participants who started with the VR-headset perceived a 
significantly higher sense of presence, a higher perception of the reality, and a lower degree of simulator sickness in the 3D-CAVE in 
Fig. 4. Interaction effect between test sequence and methodology for sense of presence, simulator sickness and reality of the environment.  
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comparison to participants started with the 3D-CAVE. Table A.1 in Appendices represents the corresponding means and standard 
deviations. 
3.4. Moderating effects of sex, age, BMI, educational level, screen-related behavior, previous contact with VR-applications, adjusted for test 
sequence 
All results of the multivariate and univariate interaction effects with each moderator and the used methodology can be found in 
Table 2. No univariate significant interaction effects were found between age and methodology and between gender and methodology 
(adjusted for test sequence), meaning that there is no difference in sense of presence, perception of reality and simulator sickness 
depending on the kind of methodology (3D-CAVE vs. VR-headset) between participants younger than 75 years and participants older 
than 75 years and between men and women. Independent of the methodology, a significant main effect of age for ‘sense of presence’ 
was found (F  4.448, p  0.037): participants older than 75 years perceived significantly more presence (4.0  0.5) than participants 
younger than 75 years (3.7  0.7). Additionally, independent of the methodology, a significant main effect of sex was present for 
‘simulator sickness’ (F  9.720, p  0.002) with women perceiving a higher degree of simulator sickness (391.2  141.6) than men 
(319.1  98.9). 
Table 2 
Multivariate en univariate interaction-effects.  
SEX (men vs. women) 
IE (method*sex) F p ME (sex) F p 
Multivariate 1.625 0.188 Multivariate 3.453 0.019 
Univariate   Univariate   
Presence 1.711 0.194 presence 0.066 0.798 
SSQ 2.732 0.101 SSQ 9.720 0.002 
Reality 0.610 0.437 reality 0.006 0.941 
AGE (<75 years vs. ≥75 years) 
IE (method*age) F p ME (age) F p 
Multivariate 1.072 0.364 Multivariate 1.558 0.204 
Univariate   Univariate   
presence 1.122 0.292 presence 4.448 0.037 
SSQ 1.532 0.219 SSQ 0.092 0.763 
reality 0.010 0.921 reality 1.116 0.293 
BMI (<25 kg/m2 vs. ≥25 kg/m2) 
IE (method*BMI) F p ME (BMI) F p 
Multivariate 0.387 0.762 Multivariate 0.101 0.959 
Univariate   Univariate   
presence 0.816 0.368 presence 0.299 0.586 
SSQ 0.003 0.956 SSQ 0.012 0.911 
reality 0.146 0.703 reality 0.155 0.695 
EDUCATION (non-tertiary education vs. tertiary education) 
IE (method*education) F P ME (education) F p 
Multivariate 1.387 0.251 Multivariate 1.027 0.384 
Univariate   Univariate   
presence 1.431 0.234 presence 2.334 0.130 
SSQ 1.727 0.192 SSQ 0.035 0.852 
reality 0.638 0.426 reality 1.750 0.189 
SCREEN-RELATED BEHAVIOR (dichotomized based on the median; (<3.2 vs. ≥3.2) 
IE (method*screen-related behavior) F p ME (screen-related behavior) F p 
Multivariate 0.972 0.409 Multivariate 1.105 0.351 
Univariate   Univariate   
presence 1.554 0.215 presence 2.098 0.150 
SSQ 0.898 0.345 SSQ 0.120 0.729 
reality 0.450 0.504 Reality 2.006 0.160 
PREVIOUS CONTACT WITH VR (never vs. at least once been in contact with VR-applications) 
IE (method*previous contact VR) F p ME (previous contact VR) F p 
Multivariate 0.863 0.463 Multivariate 1.716 0.168 
Univariate   Univariate   
presence 0.114 0.736 presence 1.264 0.264 
SSQ 1.828 0.179 SSQ 0.623 0.432 
reality 0.549 0.460 reality 3.374 0.069 
IE  interaction-effect; ME  main-effect. 
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For BMI, education, screen-related behavior and previous contact with VR-applications, no multivariate or univariate interaction 
effect with methodology was found for ‘sense of presence’, ‘reality of the environment’, and ‘simulator sickness’. Additionally, in-
dependent of the methodology, no significant main effects of BMI, education and screen-related behavior were found. Only for pre-
vious contact with VR-applications, a trend towards a significant main effect for ‘reality of the environment’ was found (F  3.374, p 
0.069). Participants who had never been in contact with VR-applications perceived the environment as more realistic (4.1  0.1) in 
comparison to participants who had at least once been in contact with VR-applications (3.9  0.1). 
3.5. Sensitivity analyses 
Since an effect of test sequence was found, a sensitivity analysis was conducted to eliminate the effect of test sequence. First, we 
only considered the results of the first test, independent of the second test, where participants had a minimal habituation period, only a 
few minutes to get used to cycling in the virtual environment in a simulated training environment. Results from the MANOVA showed a 
marginally significant difference in ‘the sense of presence’, ‘simulator sickness’ and ‘perception of reality of the environment’ between 
the two methodologies (F  2.203, p  0.092). Only regarding ‘the perception of reality of the environment’ (F  3.664, p  0.059), 
participants perceived a significant trend to a higher perception of reality of the environment using the VR-headset (M  4.1, SD 
0.9), in comparison to the 3D-CAVE (M  3.8, SD  0.8). Furthermore, no significant difference was found between the two different 
methodologies regarding ‘the sense of presence’ (F  2.078, p  0.152) and ‘simulator sickness’ (F  1.536, p  0.218). 
4. Discussion 
The aim of this study was to compare the use of two different novel VR-applications (i.e. cycling in a 3D-CAVE and cycling with a 
VR-headset) as experimental approaches with regard to the sense of presence, simulator sickness and perception of reality of the 
environment among older adults. Furthermore, the test sequence was also taken into account and the moderating effects of sex, age, 
BMI, education level, screen-related behavior, and previous contact with VR-applications were investigated. 
The current study showed no prominent difference between the two methodologies/VR-applications. In general, preference was 
given to the test setup that was completed secondly. The test sequence proved to be a very important factor in determining differences 
in the sense of presence, simulator sickness, and perception of reality of the environment between the two methodologies. The VR- 
application that was tested secondly, always scored better, i.e. a higher sense of presence, a lower degree of simulator sickness and 
a higher perception of the reality was experienced. Although a cross-over design was used in the present study, a significant interaction 
effect between the VR-methodology and the test sequence was found. This interaction effect may indicate a carryover effect (also 
known as an order effect), whereby the second condition is influenced by exposure to the first condition (Jones and Kenward, 2014). 
The risk of a carryover effect might be reduced (Johnson, 2010; Jones and Kenward, 2014; Mills et al., 2009; Polit and Beck, 2017) by 
integrating a washout period (i.e. the effect of the exposure to the first condition must have disappeared before the participant is 
exposed to the second condition) (Johnson, 2010; Polit and Beck, 2017). The washout period (i.e. filling in a questionnaire) in our 
research design was probably not long enough to completely disappear the exposure of the first condition. Additionally, the carryover 
effect may indicate that habituation to a virtual environment probably plays a role in the experiencing presence, perception of reality 
of the environment, and simulator sickness. Previous research also indicated that the attitude of older adults towards VR-changes from 
neutral to positive after an initial exposure (Huygelier et al., 2019). Nonetheless, no moderating effect of previous contact with 
VR-applications was found in our study, we assume that they needed a habituation period probably even more because the majority of 
our sample had never been in contact with VR (76.5%), or if they have already had an experience with VR, it probably will not be to a 
large extent. Previous research in Flanders (Belgium) showed similar statistics, only 34% of adults older than 65 years know VR, in 
comparison to respectively 76% of the 16–24 years old, 83% (25–34 years), 79% (35–44 years), 69% (45–54 years), and 51% (55–64 
years) (Vanhaelewyn and De Marez, 2018). Therefore, we suggest that the effect of sequence, or the habituation period, may be much 
smaller among other age groups that are more accustomed to VR. 
Moreover, also according to sex, age, BMI, educational level, and screen-related behavior, no significant differences were found 
between the kind of methodology (3D-CAVE vs. VR-headset) and sense of presence, perception of reality of the environment, and 
simulator sickness. These results indicate that there are no specific requirements for particular target groups regarding the kind of VR- 
application. However, for future research it might be interesting to take into account the significant main effects, independent of the 
VR-methodology. Our results indicated, in line with previous research (Boyd, 2014; Koslucher et al., 2015; Matas et al., 2015; Munafo 
et al., 2017), that women perceived a higher degree of simulator sickness than men. Nevertheless, it is widely accepted that women are 
at greater risk of motion sickness than men (Munafo et al., 2017), this result might be a call to designers to develop VR-applications that 
decrease the discriminatory gender effects. Furthermore, our present results indicated that participants older than 75 years signifi-
cantly perceived more presence in comparison to participants younger than 75 years. In the literature, there is no consensus on the 
influence of age on the degree of presence. A previous research indicated a negative correlation between age and presence among 5–54 
years old (Bangay and Preston, 1998), while another study among adults (18–62 years) showed a positive correlation (Schuemie et al., 
2005). As research among older adults and VR is scarce, future research has to investigate this relation in more detail. Lastly, our 
results indicated that participants who had never been in contact with VR-applications perceived the environment as more realistic in 
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comparison to participants who had at least once been in contact with VR-applications. This result indicates that if we are going to test 
other age groups that have already experience with VR, the experimental environment will have higher demands. 
Our results indicated that to increase the sense of presence, improve the perception of reality of the environment, and decrease the 
simulator sickness, it might be important to give the participant sufficient time to get used to the virtual environment (i.e. habituation 
time) when using a VR-application in future research. The literature shows that previous experiences with VR are positively associated 
with presence, because the VR-experience becomes more meaningful (Witmer and Singer, 1998). A recent study of Fransson et al. 
(2019) indicated that participants could get used to VR-visuals and consequently respond better to those VR-visuals (Fransson et al., 
2019). Furthermore, a recent review indicated that simulator sickness could be reduced by repeated virtual exposure and observed this 
in different study designs, e.g., with a couple of VR-exposures on separate days or on 1 day and with a single, prolonged VR-exposure 
(Duzmanska et al., 2018). In our study, participants received only a few minutes to get used to cycling in the virtual environment in a 
simulated training environment. Those few minutes might be insufficient to get used to the VR-exposure. Therefore, it is advisable to 
further investigate exactly how long the training moment (exposure) should be in order to give the two methodologies a fair chance. 
Future research needs to determine how many repetitions are needed in order to filter out the influence of habituation. Previous 
research already indicated that for better habituation, the number of exposures appears to be more important than the time interval 
between those exposures (Howarth and Hodder, 2008). However, more research on this topic is needed as we have to bear in mind that 
the VR-technology still evokes unpleasant experiences. We also noticed this in our research four subjects did not complete the 
experiment because of unpleasant symptoms. Therefore, it is important as researcher to pay attention to non-verbal signals (such as 
dizziness, sighs or nausea) during testing with VR, and to keep in mind that every participant has to be able to stop the experiment any 
time and without justification. 
Without a habituation period, only a marginally difference could be found for the perception of reality of the environment, of which 
participants perceived a higher perception of reality of the environment using the VR-headset, in comparison to the 3D-CAVE. A 
possible explanation for this is that the VR-headset completely covers the eyes (Fuchs, 2017), receiving no longer visual stimuli from 
the real environment which might be easier to move one’s consciousness to the virtual environment, and consequently might have 
impact on the perception of the reality of the VR-environment. 
Based on our results, we can conclude that both VR-methodologies are equally good to be used among older adults (65 years). 
General preference will be given to the test setup that will be completed in second place, indicating the importance of habituation to 
the virtual environment. Both VR-applications can therefore be used in future research, i.e. to identify which characteristics in the 
physical environment have an impact on cycling for transport using VR-applications. Using these future results, clear advice can be 
formulated to policy makers and urban designers and planners to develop more effective interventions. The advantage of the VR- 
headset in comparison to the 3D-CAVE, is that the VR-headset is more practical to use at different locations. Especially in regard to 
the older populations, it is more convenient to bring the test setup closer to the subjects themselves. 
4.1. Strengths and limitations 
The main strength of this study is the innovative experimental approach (i.e. the VR cycle through environment) used among this 
age group. A second strength was the controlled and standardized conditions of our experiments, the participants were able to cycle at 
the same bike, in the same position, for both experiments, i.e. 3D-CAVE and VR-headset. The obtained results could not be influenced 
by a difference in posture while cycling. Third, using virtual environments is appropriate for older adults as their movement limitations 
are reduced (Kahlert and Schlicht, 2015). Fourth, the questionnaire was interview-based, making the results more reliable (Britten, 
1995). Finally, a cross-over design was used in the present study, in which the participants were randomly assigned to one of the two 
conditions, and then to the other condition as well. This design makes it possible for the sample to serve as its own control group. This 
within subjects comparison ensures the highest possible equality between the participants exposed to both conditions (Polit and Beck, 
2017). However, to reduce the chance of a carryover effect, it is advisable to provide a washout period within the cross-over design 
(Johnson, 2010; Jones and Kenward, 2014; Mills et al., 2009; Polit and Beck, 2017). In the present study, this was only foreseen to a 
limited extent, more specifically the time needed to complete the questionnaire (see Fig. 1) which probably causes a carryover effect, 
also reflected in the research results. Additionally, it might be interesting for future research to investigate how long the training 
moment (exposure) in advance should be to start measuring responses. Second, we used the same environmental streets twice in order 
to make the comparison between the two methodologies as good as possible. However, it is also possible that habituation has occurred 
in the second experiment as they recognized the virtual environments from the first experiment. A third limitation was the 
over-representation of participants with a tertiary education (61.1%) compared with the statistics of the Flemish population (Belgian 
Federal Government, 2019). Finally, it was the first time that his experimental setup and representation of the virtual environment was 
used within the framework of this type of research, which involves some limitations, e.g. the lack of interaction with other road users, 
the environmental noise, or weather conditions. These technical issues can be upgraded in the future. 
5. Conclusions 
Based on our results, we can conclude that both VR-methodologies are equally good to be used in future research among older 
adults (65 years). Additionally, there are no specific requirements for particular target groups regarding the kind of VR-application. 
General preference was given to the test setup that was completed in second place, indicating the importance of habituation to the 
virtual environment. Both VR-applications can therefore be used in future research, i.e. to identify which characteristics in the physical 
environment have an impact on cycling for transport using VR-applications. The advantage of the VR-headset in comparison to the 3D- 
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CAVE, is that the VR-headset is more practical to use at different locations. Especially in regard to the older populations, it is more 
convenient to bring the test setup closer to the subjects themselves. Independent of the methodology, women perceived a higher degree 
of simulator sickness than men, participants older than 75 years perceived more presence in comparison to participants younger than 
75 years, and participants who had never been in contact with VR-applications perceived the environment as more realistic in 
comparison to participants who had at least once been in contact with VR-applications. 
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Appendices. 
Table A.1 
Descriptive statistics for the interaction effect between test 
sequence and methodology  
M  SD 
Presence_CAVE 3.7  0.7 
started with the 3D-CAVE 3.6  0.7 
started with the VR-headset 3.9  0.7 
Presence_HEADSET 3.8  0.7 
started with the 3D-CAVE 3.9  0.7 
started with the VR-headset 3.8  0.8 
Reality_CAVE 4.0  0.8 
started with the 3D-CAVE 3.8  0.8 
started with the VR-headset 4.2  0.8 
Reality_HEADSET 4.1  0.8 
started with the 3D-CAVE 4.1  0.7 
started with the VR-headset 4.1  0.9 
SSQ_CAVE 339.0  121.4 
started with the 3D-CAVE 355.7  118.3 
started with the VR-headset 321.6  123.2 
SSQ_HEADSET 363.3  144.8 
started with the 3D-CAVE 342.2  156.3 
started with the VR-headset 385.3  129.7 
M  mean; SD  standard deviation  
List of abbreviations 
PA Physical activity 
VR Virtual Reality 
3D-CAVE Computer Aided Virtual Environment 
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